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P
lasmonic excitations of metallic nano-
structures have attracted a great
deal of attention in past decades,
due to the rich variety of geometric conﬁg-
urations, the associated optical properties
and phenomena, and the wide range of
present and potential future applications.1,2
Propagating and localized plasmons have
been utilized in the design of photonic
structures to eﬃciently couple free-space
propagating light onto highly conﬁned sur-
face modes, resulting in the enhancement
of electromagnetic ﬁeld intensities. Non-
linear optical eﬀects beneﬁt from plasmonic
ﬁeld enhancement,3,4 and plasmonics has
the potential to be an enabling technology
for quantum optics and all-optical informa-
tion processing.5,6 It has been shown that
plasmonic ﬁeld enhancement allows the
observation of Raman scattering from sin-
gle molecules with low excitation powers
down tomicrowatts.7,8 The lack of reliability
resulting from the spatially non-uniform
nature of plasmonic ﬁeld enhancement
can be a problem for applications requir-
ing repeatability. In the case of surface-
enhanced Raman scattering (SERS), regions
with high enhancement (so-called hot
spots) are typically major contributors to
the observed signal. Raman intensity en-
hancement is estimated through ISERS =
I0|E(ωexc)E(ωdet)/E0(ωexc)E0(ωdet)|
2, whereωexc
and ωdet are the excitation and detection
frequencies, and E and E0 are the electric ﬁeld
intensities with and without the presence of
plasmonic structures. Deﬁning an enhance-
ment factor, EF(ω) = |E(ω)/E0(ω)|
2, overall
Raman enhancement factor can be written
as the product of excitation and detection
factors, EFSERS = EF(ωexc)EF(ωdet). Spatial non-
uniformity of the electric ﬁeld directly trans-
lates into a spatial non-uniformity of EFSERS
and can be an important disadvantage for
repeatability. Hot spots are typically formed
when twometal regions come close (within a
few nanometers) to each other, and even
periodic structures may display a wide dis-
tribution of enhancement factors.9 In order
to achieve high and spatially uniform
ﬁeld enhancement, engineered surfaces
that exhibit plasmon modes at both the
excitation and scattering wavelengths
are needed.1013 Previously, metal nano-
particle clusters (bottom-up approach) and
sparse structures or biharmonic gratings with
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ABSTRACT
Plasmonic metamaterials allow conﬁnement of light to deep subwavelength dimensions, while
allowing for the tailoring of dispersion and electromagnetic mode density to enhance speciﬁc
photonic properties. Optical resonances of plasmonic molecules have been extensively investigated;
however, beneﬁts of strong coupling of dimers have been overlooked. Here, we construct a
plasmonic meta-surface through coupling of diatomic plasmonic molecules which contain a heavy
and light meta-atom. Presence and coupling of two distinct types of localized modes in the
plasmonic molecule allow formation and engineering of a rich band structure in a seemingly simple
and common geometry, resulting in a broadband and quasi-omni-directional meta-surface. Surface-
enhanced Raman scattering beneﬁts from the simultaneous presence of plasmonic resonances at
the excitation and scattering frequencies, and by proper design of the band structure to satisfy this
condition, highly repeatable and spatially uniform Raman enhancement is demonstrated. On the
basis of calculations of the ﬁeld enhancement distribution within a unit cell, spatial uniformity of
the enhancement at the nanoscale is discussed. Raman scattering constitutes an example of
nonlinear optical processes, where the wavelength conversion during scatteringmay be viewed as a
photonic transition between the bands of the meta-material.
KEYWORDS: plasmonics . metamaterials . surface-enhanced Raman
spectroscopy . coupled plasmonic modes
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double resonances (top-down approach) were used for
this purpose.14 Bottom-up approach substrates oﬀer
the advantage of simplicity and oﬀer uniformity over
large scales; on the other hand, the statistical nature of
production processes, in principle, prevents comple-
tely hot-spot-free and uniform enhancement on a
microscopic scale. Sparse arrays ofmultiply sized nano-
antennas, ormultiperiodic structures, may be designed
to enhance ﬁelds at both excitation and scattering
frequencies, however, exhibit spatially non-uniform
spectral properties over the extent of a wavelength. In
contrast, plasmonic meta-materials possess subwave-
length periodicity. When fabricated using a top-down
approach, they have the potential to oﬀer spatially
uniform, wide band coupling required for uniform
Raman enhancement.
In this article, we discuss the application of plasmo-
nic meta-surfaces to SERS. We describe the resonances
and ﬁeld enhancements of a closely packed metal
insulatormetal conﬁguration, which we refer to as
multiply coupled plasmonic meta-material (MCPM).
Strong coupling of the modes is shown to be eﬀective
for a subset of geometric parameters. Despite the
seemingly common and simple geometry, we show
that, under strong coupling of various types of modes,
a rich band structure can be engineered within a wide
spectral range, allowing highly controllable ﬁeld en-
hancement at excitation and scattering frequencies,
thereby allowing highly repeatable SERS.
Description of the Plasmonic Meta-Surface. A cross-
sectional schematic of the one-dimensional periodic
MIM structure is shown in Figure 1a (a representative
SEMmicrograph is given in Figure 1b). MIM elementswith
relatively thick topmetal layers (ca. 50 nm), withwidths
of 150200 nm, are repeated with periods of 200 to
300 nm, forming an inter-MIM spacing of 1080 nm.
MIM structures can be viewed as nanoscale planar
waveguides,15 and individual MIM elements have
modes confined inside the dielectric region (referred
to aswaveguidemode). Localized resonances result from
the FabryPerot (FP)-type resonator formed within the
MIMwaveguide, terminated at both ends. The propaga-
tionwavevector βSPP and effective index neff = βSPP/k0 of
the fundamental TM mode of a MIM waveguide can be
calculatedby solving forβSPP in the following equation
15
kmεdþ kdεmtanh kdw2 ¼ 0 (1)
where kd = (βSPP
2  εdk02)1/2, km = (βSPP2  εmk02)1/2, and
k0 = 2π/λ is the propagation wave vector in free space
for wavelength λ. Typically, βSPP is a complex number,
and the real part ofβSPP canbeused to infer the effective
wavelength. Assuming a unity relative magnetic
Figure 1. (a) Schematic cross section of metalinsulatormetal (MIM) meta-material structures. The metal layers are
evaporated Ag, and the dielectric layer (040 nm thick) is Al2O3 deposited. (b) Scanning electron micrograph of a
representative structure is shown; scale bar 1 μm. (c) Eﬀective index (neﬀ) and impedance (zMIM) of the MIM fundamental
TM mode as a function of wavelength for various dielectric layer thicknesses (3, 13, 23, 33, and 43 nm) are given for
convenience. (d) Depending on the frequency of excitation, diﬀerent resonant modes can be excited within the MIM section.
In the one-dimensional case, the MIM can be viewed as a transmission line, whose propagation constant (or eﬀective index)
depends on the gap between the top and bottom metal layers. Truncation at both ends results in a FabryPerot (FP)-type
resonator. Electric ﬁeld intensity squared is plotted for a 200 nm long MIM structure with 10 nm dielectric gap excited at
555 nm, corresponding to a resonance of the FP resonator. (e) When the same structure is excited at 660 nm, another
resonance is excited displaying a diﬀerent ﬁeld distribution. (f) When the gap is reduced to zero, one resonant mode persists
in the vertical transmission line cavity formed with side walls of the top metal layer as conducting planes. (g) Cartoons show
the ﬁeld amplitudes of modes shown in (d, e, and f).
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permeability for propagating TMmodes inside the MIM
waveguide, the effective index (neff) can also be used to
estimate the impedance of the transmission line, zMIM =
120π/neff (see Figure 1c). The propagation constant
calculated using eq 1 can be used to estimate the
resonances of a FP cavity. The roundtrip phase is written
as j(λ) = 2βSPPw þ 2Δj(λ), where 2βSPPw is the phase
shift due to propagation, and 2Δj(λ) is the total phase
shift acquiredupon reflectionat theendsof the resonator.
A FP resonator exhibits resonances when |1  R0 exp ij-
(λ)| is a minimum, where R0 is the magnitude of the
reflection coefficient. Using the above formulation, ab-
sorption resonances of uncoupledMIMwaveguides have
been calculated. In general, Δj(λ) may be calculated
through the reflection coefficient at the end of the wave-
guide, taking into account the impedance mismatch
between the waveguide mode and free-space modes.16
Optical properties of arbitrary metallic nanostruc-
tures have been commonly analyzed using optical
ﬁrst-principles calculations. Optical properties of sim-
ple geometric conﬁgurations, on the other hand, can
be explained in terms of lumped circuit elements.1721
The waveguide perspective is practically adequate,
as the experimentally observed optical properties of
isolated structures can be well explained using this
approach.22 Figure 1d,e shows the electric ﬁeld proﬁles
when such structures are excited at two diﬀerent wave-
lengths for a dielectric thickness of 12 nm. Standingwave
patternswithin theMIMare observedwhen the surface is
excited near its resonances, validating the FP resonator
approach (cartoons in Figure 1g show E-ﬁeld along the
structure for various modes in Figure 1df).
In the one-dimensional case, when the dielectric
thickness is reduced to zero, the MIM waveguide modes
disappear; however, the remaining structure still exhibits
a localizedmode (Figure 1f). This remaining vertical cavity
mode (referred to as LFP, short for localized Fabry
Perot) is formed due to FP-type resonance in the
vertical metallic cavity between the top metal layers
of consecutive MIM regions.18 The resonance fre-
quency of the LFP can be approximately calculated
using lumped models or using the waveguide ap-
proach used above. The fundamental resonance of
closely spaced MIM structures also have been modeled
previously using lumped LC elements.18,23 Using such a
model, the LFP mode frequency can be approximated by
ωLFP = ((Ce þ Cm þ (Cm2 þ Ce2)1/2)/(LCmCe))1/2, where L =
0.5 μhw þ 3w/(2εOhwP2) is the inductance per unit width
(μ is themagneticpermeability,h is thedielectric thickness,
and w is the width of the MIM), Ce = cεOh/g is the
capacitance per unit width due to coupling between
MIM top metals (ε is the dielectric constant, h is the
dielectric thickness, g is the gap between MIMs, and c is
a correction parameter), Cm = 0.25εOεh/g is the capaci-
tance per unit width due to coupling of top metal layer of
MIMs to the metallic ground plane. The model ignores
resistive losses.
When the areal density of such structures is in-
creased to improve surface coverage, strong coupling
of individual structures becomes inevitable, modifying
the spectral properties, as well as the band structure.
Coupled Meta-Atoms and Meta-Molecules. The LFP mode
can be considered as a light meta-atom, possessing a
single energy level (Figure 2a). Similarly, the MIM
structure constitutes a heavy meta-atom, with more
than one energy level (Figure 2b). When the atoms are
brought into contact by a coupling mechanism, bands
emerge similar to the coupled resonator optical wave-
guide (CROW).24 A periodic arrangement of grooves
(i.e., LFPs) results in a monatomic crystal (Figure 2c). In
the monatomic case, coupling is primarily through the
surface plasmon mode (SPP). Collective excitations in
nanoparticle arrays have been previously reported,
and for large interparticle spacing, weak coupling
occurs through radiative routes.2527 On the other
hand, when MIMs are arranged in a closely packed
periodic fashion, MIM modes and the LFP modes
strongly couple due to overlappingmodes, rather than
due to radiative coupling, resulting in a diatomic crystal
(Figure 2d). The coupled MIM waveguides could also
be viewed to be similar to a resonant guided wave
network (RGWN);28 however, coupling of waveguides
through an intermediate localized resonance in the
vertical cavity distinguishes theMCMP from the RGWN.
The coupling of the MIM and LFP modes results in
an anticrossing behavior, as shown in Figure 2e,f. In
numerical calculations, it is seen that anti-crossing-over
behavior due to coupling of MIM modes with the LFP
(around h ∼ 17 nm in Figure 2e,f) leads to an improve-
ment of the absorption bandwidth.
The angular dependence of coupling to the reso-
nances is best visualized in the band structure of the
plasmonic meta-surface. In order to intuitively under-
stand the dependence of the band structure on design
parameters, we construct a circuit model, as shown in
Figure 2g. The MIM section is modeled using a trans-
mission line, and the LFP is modeled using an LC reso-
nator. A capacitor is used tomodel the coupling. The one-
dimensional band structure is calculated by constructing
anABCDmatrix for the lumpedelementmodel of theunit
cell. In order to obtain the band structure, the ratio of the
input and output parameters of the ABCD matrix are
assumed to be exp(ikΛ) for a given propagation vector k
and periodΛ. In order to ﬁnd the resonance frequencies,
one needs to solve for ω throughI  A BC D
 
eikΛ
 ¼ 0 (2)
where I is the 2  2 identity matrix.
The ABCD matrix of the unit cell is constructed by
multiplying ABCD matrices for the transmission line
representing the MIM section with ABCD matrices for
the lumped elements for coupling and LFP sections of
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the model. Resistive or radiative losses are ignored in
the model. The ABCD matrix for the transmission line
section is given by
ABCDTL ¼ [ cos(βl) jz0sin(βl)jsin(βl)=z0 cos(βl) ] (3)
The coupling capacitor has an impedance of
Xc = 1/(jωCcoupling). The ABCD matrix for the coupling
capacitor is given by
ABCDcoupling ¼ [ 1 Xc0 1 ] (4)
The parallel LC resonator representing the localized
FabryPerot (LFP) mode has an impedance XLFP given
by XLFP = 1/(1/(jωLFP)þ jωCFP). The ABCDmatrix for the
LC resonator representing the mode is given as
ABCDLFP ¼ [ 1 01=XLFP 1 ] (5)
The ABCD matrix for the unit cell, ABCDuc, is calculated
by multiplying the matrices in correct order, ABCDuc =
ABCDTL  ABCDcoupling  ABCDLFP  ABCDcoupling. The
resonance frequencies calculated by the matrix meth-
od are shown on top of numerical results in Figure 2e,f.
The model correctly captures the essential features of
the numerical results, such as mode frequencies and
anticrossing behavior.
In order to illustrate the eﬀect of geometric param-
eters on the optical resonances and show the quasi-
omni-directional nature of the MCPM, we calculate the
bands of several structures, as shown in Figure 3ae. The
monatomic crystal (no dielectric) is essentially a lamellar
grating (cavity depth 50 nm, width 50 nm, period
250 nm), and the LFP mode couples through the SPP
to form a CROW-like band (Figure 3a). As the dielectric
gap is introduced, MIM modes emerge in the reﬂection
spectrum. For a thindielectric ofh=3nm, a largenumber
Figure 2. (a) Cavity resonance (LFP) can be thought as corresponding to a light atom,with a single localized state, and (b)MIM
can be thought as corresponding to a heavy atom, with a multiple localized states. (c) In a one-dimensional periodic
arrangement of the light atoms, coupling through the surface plasmon mode can introduce a coupling of the LFPs and
propagating bands can be formed. (d) Similarly, in a one-dimensional periodic arrangement of the MIM structures with a
relatively thick topmetal and a thin gap dielectric, the MIMmodes and the LFP mode formed between consecutive MIMs are
hybridized to form a diatomic molecule. The molecules are coupled to form the band structure of the diatomic crystal.
(e) Eﬀect of mode coupling is observed in the reﬂection coeﬃcient, plotted as a function of wavelength and dielectric
thickness, h, for a one-dimensional crystal. Numerical computation results are shown for a 250 nm period structure with
180 nmMIMwidth, for normal incidence. Resonance wavelengths are calculated using the FabryPerot resonator model for
theMIM structures (black lines; see text for details) that are superimposed. Antisymmetric modes (evenmode numberm) are
not coupled to the free-space modes at normal incidence and, therefore, contribute no absorption (arrow (i)). The LFP mode
wavelength is estimated using the LC model (vertical line around 520 nm, denoted by arrow (ii)). (f) Reﬂection coeﬃcient
is plotted as a function of wavelength and dielectric thickness h at a 10 angle of incidence. Due to the broken symmetry,
even modes also contribute to absorption. (g) Lumped circuit model for the diatomic unit cell consists of a transmission
line capacitively coupled to a localized LC resonator representing the LFP mode. The model is used to calculate the
resonance frequencies of the modes, plotted as dots, on top of the computational results in (f). The model captures
the essential features of numerical calculations such as the resonance frequencies and anticrossing behavior due to coupling
of modes.
A
RTIC
LE
AYAS ET AL. VOL. 6 ’ NO. 8 ’ 6852–6861 ’ 2012
www.acsnano.org
6856
of modes that span the visible spectrum emerge
(Figure 3b). Consecutive bands with odd and even MIM
modes show improved absorption at low and high
angles due to their symmetry (a similar observation was
reported for MIM resonator arrays in the terahertz fre-
quency range16). The band structure, which is calculated
by solving eq 2, displays bands that coincide with reﬂec-
tion minima seen in numerical calculations. As the gap is
increased to 12nm (Figure 3ce), the number of bands is
reduced. The eﬀect of the surface plasmon mode be-
comes visible at high frequencies and is included in band
structure calculations as a perturbation (see Methods).
The coupling of the SPP to theMIM/LFP structure has the
eﬀect of pushing and concentrating the bands to around
500 nm at high angles (kΛ/π ∼ 1) in Figure 3ae.
RESULTS
The absorption spectra of the surfaces have been
recorded at normal incidence using a low numerical
aperture (NA = 0.05) objective for both illumination
and light collection. The reﬂection spectra are seen to
agree with simulation results for various MIM widths
and periods (Figure 4a,b). Evidence for the quasi-omni-
directional character of the one-dimensional structures
can be seen in the high spatial resolution reﬂection
maps shown in Figure 4c (average reﬂectance for a
10 nm spectral band centered at 550 nm is shown).
When the structures are imaged by diﬀerent numerical
aperture lenses (objectives with 20, 50, and 100
magniﬁcation and respective numerical apertures of
0.4, 0.7, and 0.95), the absorption is seen to be quite
independent of the numerical aperture. This is in
accordance with the expected quasi-omni-directional
character of the band structures around 550 nm.
For most applications in sensing and spectroscopy,
the locations with high ﬁeld enhancements must be
exposed to allow for adsorption of molecules. Such
regions are present in the MCPM (LFP region and top
Figure 4. Theoretical and experimental reﬂectance plotted as a function of wavelength at normal incidence for (a) one-
dimensional, 250 nmperiod structureswith nanowirewidths of 180 nm (I), 170 nm (II), 160 nm (III), 150 nm (IV), 140 nm (V) and
(b) one-dimensional, 300nmperiod structureswith nanowirewidths of 200 nm (I), 190 nm (II), 180nm (III), 170 nm (IV), 160 nm
(V). (c) TM mode reﬂectance for a 10 nm band around 550 nm observed with diﬀerent numerical apertures (20, 50, and
100 objectives) on one-dimensional 250 nm period 150 nm width structures. Insensitivity to numerical aperture
demonstrates the quasi-omni-directional absorption of the surfaces.
Figure 3. (a) Band structure of a monatomic meta-surface is calculated using the circuit model in Figure 2g and the ABCDmatrix
approach (see text) and superimposed on the reﬂection obtained through numerical calculations. When the dielectric thickness is
zero, only thebands formed are through couplingof the LFP (arrow I)modes via the surfaceplasmonmode (arrow II) are observed.
(b) Increasing the gap to 3 nm results in the appearance of a large number of MIM modes and formation of a diatomic meta-
surface. (c) Increasing the gap to 13 nm results in a reduction of the number ofMIMmodes, while increasing the absorption in the
coupled bands due to improved impedancematching of the surfacewith free-space propagatingmodes. Further band structures
are shown in (d) and (e) for 180 and 160 nmMIMwidths, with 250 nm period. Color bar shows corresponding reﬂectance values.
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surface), where the enhancement can be utilized for
sensing or Raman spectroscopy. It should be noted
that absorption and ﬁeld enhancement are not neces-
sarily proportional. However, numerical calculations
show that if the resistive losses can be ignored, there
is a strong correlation between the absorption and
ﬁeld enhancement. Typically, this is the case when
the excitation frequency is reasonably below the
plasma frequency of the metal and absorption is
enhanced primarily due to plasmonic resonances. In
our wavelength range of interest (400 nm to NIR),
dielectric constant of silver allows this approximation.
The MCPM can feature multiple absorption bands (and
correlated ﬁeld enhancement) that cover the entire
excitation and scattering wavelengths (for example
250 period, 50 nm topmetal, 12 nm dielectric thickness,
and 200 nm top metal width). The advantage of
the MCPM structures in plasmon-enhanced Raman
Figure 5. (a) Reﬂectancemap (540600 nm band) acquired using a 20 objective (NA 0.4) on a 250 nmperiod structure with
200 nm MIM width. (b) Raman spectra map (intensity of 591 cm1 band, collected with 100 μW excitation power at 532 nm,
20 objective, 100 ms dwell time per pixel) of Cresyl Violet monolayer on the same structure. Scale bar is 10 μm.
(c) Reﬂectance as a function of wavelength for several locations and (d) corresponding Raman spectra. Reﬂectance is plotted
at two diﬀerent locations (I) and (II) as referenced to location (III). Due to non-uniformity of the fabrication process, a gradient
of the resonance wavelength is observed from top-right position to bottom-left position. When the absorption overlaps with
excitation andemissionwavelengths, improvedRaman scattering is observed. Inset shows chemical structure of Cresyl Violet.
(e) Raman signal is collected using a longer integration time (22 s, 100 μW excitation power) on a planar silver surface,
unpatterned MIM, and 250 nm period MIM regions. Although Cresyl Violet exhibits no Raman signal on the plane metal
surface, some enhancement is seen on unpatterned MIM regions, possibly due to the surface roughness of the top layer.
Figure 6. (a) Superimposed Raman spectra collected from 1600 individual spots over an area of 10 μm 10 μm (100 μWexcitation
power, 100 objective, and 40msdwell timeper pixel). (b) Histograms of intensity of two spectral locations shownby arrows (I) and
(II) demonstrate uniform signal intensity within ca. 10% of average value for the ﬂuorescence (arrow II) and ca. 20% for the Raman
signal (arrow I). (c) Raman map formed using the 591 cm1 Raman band (scale bar 2 μm) where the contrast is enhanced to show
several dead-spots with submicrometer dimensions, demonstrating the high-resolution imaging capability with such substrates.
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spectroscopy is demonstrated using Cresyl Violet dye
as the example molecule. Using low powers of about
100300 μW (measured by a placing a photodiode at
the sample location in a separate measurement), the
Raman spectra are recorded at various locations on the
unpatterned MIM substrate (Figure 5a, arrow III) and on
the MCMP (Figure 5a, arrows I and II). The unpatterned
MIM reference produces little observable Raman or
ﬂuorescence signal, whereas the MCPM produces a
pronounced enhancement, which is theoretically esti-
mated to be on the order of 5  105 to 106. The TM
polarized reﬂectance (10 nm band around 550 nm,
Figure 4a) has a slightly non-uniform spectral response
over a distance of about 50 μm, attributed to the
exposure nonuniformity during the e-beam lithography.
Raman signalmap (591 cm1 peak) collected at the same
location is shown in Figure 5b. A spatial non-uniformity is
also seen in the Raman signal (Figure 5b), correlated with
Figure 7. (a) Enhancement factors (EF) averaged over various regions (see inset in c) for a MIM structure with 50 nm
periodicity, 10 nm topmetal thickness, 20 nmdielectric gap, and 30 nm topmetalwidth. (b)Maximumvalue of EF for diﬀerent
regions for the geometry in panel a. (c) Average EF values for a MIM structure with 100 nm periodicity, 20 nm top metal
thickness, 20 nmdielectric gap, and 80 nm topmetal width. (d) Maximumvalue of EF for diﬀerent regions for the geometry in
panel c. (e) Average EF values for a MIM structure with 250 nm periodicity, 50 nm top metal thickness, 20 nm dielectric gap,
and 230 nm topmetal width. (f) Maximumvalue of EF for diﬀerent regions for the geometry in panel e. It is seen that shrinking
theMIM size results in fewer resonances and improved average enhancement over the unit cell, especially on the top surface
(10 nm thick slab over the topmetal). Themaximumvalues of the EFs aremuchhigher than the average, showing the inherent
spatial non-uniformity of enhancement. Comparing panels ac, it is seen that tuning of the resonances through choice of
geometry greatly improves EF for the wavelength range of interest (532 to 650 nm).
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the reﬂectance non-uniformity (Figure 5a). As expected,
enhancement of the Raman signal is proportional to the
absorption within the Raman band wavelength range
(Figure 5c,d). When a longer averaging time of 22 s is
used, still theRaman signal is absent onaﬂatAg reference
surface for the low power level used (Figure 5e). The
fabrication related non-uniformity is insigniﬁcant over
smaller length scales, and we superimpose the Raman
spectra collected from 1600 locations within a 10 μm
10 μmsquare region in Figure 6a. The ﬂuorescence and
Raman enhancements are uniformly enhanced (about
10% for ﬂuorescence and about 20% for Raman) over
the region, as is seen in the histograms (Figure 6b)
shown for two wavelengths. When the Raman signal is
represented as an image map, several defects with
submicrometer diameters are clearly resolved as dark
spots in the image (Figure 6c), indicating true high-
resolution imaging capability using the MCPM (image
contrast is enhanced to clarify the dark spots).
Discussion of Spatial Uniformity of Enhancement at the
Nanoscale. Due to the periodicity of the meta-surface,
Raman enhancement appears to be uniform in the far
field when the diffraction-limited spot size is larger
than themeta-material period. However, it is important
to understand the variations of local enhancement
factor within a unit cell. We plot the average and maxi-
mum enhancement factors for three different geome-
tries, as shown in Figure 7, for MIM periods of 50, 100,
and 250 nm. The averages are taken over rectangular
sections over the top surface (10 nm thick slab is
chosen), within the LFP region (air gap region between
the top metals) and inside the MIM gap, within the
dielectric (see Figure 7c inset). The dielectric gap of the
MIM structure does not contribute to the Raman signal
since molecules cannot be placed there after fabrica-
tion. However, enhancement in this region may be
important for other applications; therefore, we plot
enhancement factors for this region for convenience.
The correlation of EF values for the MIM and LFP
regions also demonstrates the coupling of LFP and
MIM resonances.
When comparing average and maximum EF of diﬀer-
ent regions and geometries, it is seen that for smaller
structures (50 nmperiod, 30 nmwidth, Figure 7a), a single
resonance is present in the wavelength range of interest
(532 to 640 nm), and average ﬁeld enhancements at the
top surface are greatly improved compared to 100 nm
structures (Figure 7c) and 250 nmstructures (Figure 7e). It
is also seen that the LFP region has a stronger average
enhancement factor as compared to the top surface
and MIM gap. Themaximum enhancement factors can
be relatively large (EFexc∼ 1000, EFSERS∼ 106) for both
small and larger periods (Figure 7b,d,f). From the data,
it can be concluded that, despite the apparent uniform
enhancement in diﬀraction-limited far ﬁeld measure-
ments, enhancements are mostly localized to the LFP
region for larger structures. For smaller structures
(∼50 nm period), although there is local non-
uniformity and the LFP region still contributes the
greater portion to the enhanced signal, the average
EF values for the top surface and the LFP region have
improved ratio, indicating improved uniformity.
CONCLUSIONS
The MCPM features propagation of multiple plas-
mon modes in the visible range of the spectrum,
through direct capacitive coupling or coupling via a
localized resonant mode. The simplicity of the MCPM
allows fabrication of an ultrathin meta-surface with
tailorable bands at wavelengths toward the near-UV.
Bandwidths are comparable to thicker wideband
absorbers.29 Due to the quasi-omni-directional cou-
pling of light to the plasmon modes, high spatial
resolution SERS imaging is possible. The diﬀraction-
limited spot size is greater than the period of themeta-
material, and plasmonic enhancement of the Raman
signal essentially occurs with a unity surface ﬁll factor.
High-resolution imaging capability can potentially im-
prove biomolecular sensing.30,31 Raman excitation wave-
length and scatteringwavelengths coincidewithdiﬀerent
bands. Advancing theanalogyof themeta-materialwith a
semiconducting crystal, the Raman transition can be
regarded as a photonic transition between two bands,
where the transition is accompanied with the release of a
phonon. Raman scattering constitutes an example for
nonlinear optical phenomena, and in general, the MCPM
canﬁndapplication in caseswhere enhancednonlinearity
at low optical powers is desirable, such as enhancement
of photonic interactions in all-optical classical or quantum
information processing.
METHODS
Fabrication of Plasmonic Structures. Germanium (23 nm,
99.99% purity) is deposited on 2 by 2 cm2 silicon substrates
using e-beam evaporation system (Vaksis PVD Vapor 4S e-beam)
aswetting and adhesion layerwith a deposition rate 0.5 Å/s. Then
70 nm silver (99.99% Purity) is deposited with e-beam system
with a deposition rate of 0.60.8 Å/s. For the dielectric spacer
layer, 12 nm Al2O3 (99.99% Purity) is also deposited with the
e-beam system with a deposition rate 0.30.4 Å/s.
PMMA (MicroChem Nano 950K A2: 2% solid PMMA) is spin-
coated on the 2 by 2 cm2 silicon substrate that is coated with
germanium, silver, and Al2O3 previously. The PMMA resist-
coated samples are prebaked at 180 C for 90 s. E-beam
lithography is performed with FEI Nova NanoSEM equipped
with Raith ElphyPlus system. The acceleration voltage is 30 kV,
and the beam current is 26 pA. The MIM structures with widths
changing between 100 and 200 nm are deﬁned by varying the
exposure dose. The areas of patterned regions are 50 by 50 μm2.
After the e-beam lithography step, 50 nm of silver is deposited
on the samples using an e-beam evaporation system. After
metal deposition, samples are placed in the 45 C semiconduc-
tor grade ethanol for 1 h,which is followedby ultrasonic bath for
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30 s. Then the samples are taken from the ethanol and washed
with isopropyl alcohol and deionized water. The samples are
dried under nitrogen ﬂow.
Optical Measurements. Reflection mapping images are ob-
tained with WITEC Alpha 300S system with white light illumina-
tion. Reflection is referenced to unpatterned regions of the
surface. A custom-designed reflection setup was used in wide-
band reflection measurements.
Raman Measurements. Samples are immersed in 10 μM Cresyl
Violet in ethanol solution for 2 h, rinsed with ethanol several
times, and blow-dried with nitrogen. SERS measurements are
performed using WITEC Alpha 300S Raman module. A solid-
state 532 nm wavelength laser is used for excitation in the
Raman measurements. For Raman mapping measurements
20, 50, and 100 objectives are used with integration times
of 2240 ms. For single Raman measurements, 20 objective,
25 s integration time, and a 100 μW excitation power are used.
Simulations. Simulations are done with rigorously coupled
wave analysis (RCWA) and FDTD methods. Details of the RCWA
method is found in the literature.32 Field profiles are simulated
using a commercial computational tool (Lumerical). Dielectric
function of silver is obtained from the literature. Germanium
wetting layer is neglected in the simulations. The refractive
index of electron-beam-evaporated Al2O3 is measured experi-
mentally using a J.A.Woolam V-VASE ellipsometer, and a con-
stant refractive index of nAl2O3 = 1.6 is used for the Al2O3
dielectric layer. The thickness of supporting Ag is 5070 nm,
and transmission to the silicon substrate is less than 1% of
incident light over the visible spectrum; therefore, only reflec-
tion is calculated. Absorption is approximated as A = 1  R.
Perfectly matched layer (PML) boundary condition is used in the
z-direction, and Bloch boundary condition is used in the
x-direction (along the period) of structures. Germaniumwetting
layer is neglected in the simulations. Themesh size is used in the
simulations are 1 nm by 1 nm except the dielectric spacer layer,
where 0.25 nm by 1 nmmesh size is used. Field profiles are calcu-
lated by illuminating structures with monochromatic plane wave
corresponding to resonancewavelengths. The effect of the surface
plasmonmode is included in the analytical band structure calcula-
tions as a perturbation. This is done by using a generic Lagrangian,
which can be used to describe a plasmonic dimer modeled by
two capacitively coupled LC resonators L = 1/2L1 _Q1
2þ 1/2L2 _Q22
1/2L1ω1
2Q1
2  1/2L1ω22Q22  Meω1ω2Q1Q2, where L1 and L2 are the
inductances, Q1 and Q2 are the charges,ω1 and ω2 are resonance
frequencies of individual LC resonators, and Me is the electric
coupling.33 Using the above Lagrangian, for each state (ωMM,k) of
the band diagram and the corresponding SPP mode (ωspp,k), we
calculate perturbed frequenciesω0MMandω0spp for thegivenwave
vector k.
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